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surface  boiling  of  pater  has  become  of  great  import- 


«ace  in  recent  years  because  of  the  increase  in  applications  requiring 
high  rates  of  heat  transfer  per  unit  ares.  Data  is  particularly  needed 
in  equipment  requiring  water  cooling  from  temperatures  greatly  exceeding 
the  boiling  point  of  water  at  atmospheric  pressure,, 


In  order  to  prevent  film  binding  at  the  high  temperature  surface  in 
contact  with  the  cooling  water,  the  pressure  of  the  cooling  water  can  be 
raised  until  its  saturation  temperature  is  above  the  wall  temperature,, 
However,  investigations  at  lor  pressures  have  shorn  that  if  the  surface 
temperature  is  high  enough  above-  the  saturation  temperature,  the  phenom¬ 
enon  of  surface  boiling  will  occur*  This  has  been  found  to  give  a  marked 
increase  in  the  heat  transfer  coefficient  over  that  predicted  by  we.ll-esteb 
fished  forced  convection  equations,  increasing  as  the  surface  temperature 
is  increased  to  a  point  where  film  binding  and  subsequent  burnout  occurs* 

The  apparatus  described  herein  trap  designed  to  study  the  effects  of 
surface  boiling  on  heat  transfer  to  water  flowing  in  a  tube  under  the  fol¬ 
lowing  conditions s 


1.  Water  pressures  -  up  to  2000  psia 
2*  Water  velocities  ~  up  to  40  feet/sec 
3»  Water  bulk  temperatures  -  up  to  550°  F. 


I.  detailed  description  of  the  test  apparatus  designed,  and  con* 
s  true  ted  to  study  the  effects  of  surface  boding  on  heat 'transfer  at 
high  pressures  and  high  heat  flux  densities  is  presented,.  A  discussion 
is  given  of  operating  techniques*  data  measurements*  end  calculating 
procedure  with  derivations  of  formulas*  calibration  of  instruments*  '’and 
other  experimental  determinations .  A  series  of  photographs  which  record 
the  dismantling  of  the  Hayro,rd~Tyler  centrifugal  pump  for  cleaning  are 
presented.  They  indicate  very  clearly  the  source  of  the  contamination 
which  has  led  to  a  continual  deposition  of  scale  on  the  inside  of  the 
tost  section*  apparently  due  to  an  electro-plating  of  ferric  ione*  Clean¬ 
ing,  of  this  scale  has  -proven  to  bo  exceedingly  time  consuming  end  an  ion* 
exchanger  to  trap  the  objectionable  ions  is  to  be  added  to  the  circuit. 


Eh©  procedure  for  investigating  heat ' transfer  with  surface  boil¬ 
ing  consisted  of  determining  the  heat  flax  density  c Jk  for  a  particular 
temperature  difference  driving  force  at-  particular  values  of  velocity* 
pressure,  and  subcooling*  for  degassed,  distilled  water  flowing  upward 
in  a  pure  nickel  tube*  Pressure  crops  across . the  test  section  were  also 
measured,. 


Ths  test  apparatus  is  a  closed  system  consisting  of  a  vertical  test 
section  of  pure  nickel*  a  Kayward-Tyler  centrifugal  pump,  a  calibrated 
orifice,  a  heat  exchanger,  and  a  pressure  vessel.  A  layout  is  given  in 
Fig.  1.  Power  is  supplied  from  two  36  KW  DC  Generators  driven  by  44 0  volt, 
3  phase,  AG  synchronous  motors.  The  generator  outputs  are  connected  in 
series  and  provide  a  range  of  0-24  volte  and  0-3000  amperes.  Thermocouples 
are  located  at  the  inlet  and  outlet  end  along  the  outer  wall  of  the  test 
section,  readings  being  taken  by  means  of  a  Rubicon  potentiometer,  Model 
2703  and  a,  Rubicon  spotlight  galvanometer  Model  3401-EL  A  bourdon  typ© 
Hsise  pressure  gag©  0-2000  psi  is  located  at  the  inlet  to  the  test  section. 
A  Barton  differential  pressure  gage  0-150  inches  of  water  is  connected 
across  inlet  and  outlet  of  the  test  section  to  record  ths  pressure  drop. 

A  photograph  of  the  control  panel  and  motor  generators  is  presented 
in.  Fig,,  2  and  the  assembled  test  section  is  shown  in  Fig,  3, 


ljjt,BocUon 

The  test  section  consists  of  a  pure  nickel  tube  (International  Nickel 
G©aKL*  Nickel)  of  oX805  ifto  inside  diarao  tor  *  *2X01  iru  outside  diameter* 
end  a  length  of  9  inches,  (Of  Fig.,  4),  Threaded  bushings  of  «L«  nickel 
are  gold  soldered,  to  each  end  of  the  test  section,  and  make  contact  pith 
bronss  ©ad,  mounts,  which  support  ths  test  section  assembly  and  carry  cur¬ 
rent  from  the  bueebars* 

nL"  nickel  was  chosen  because  of  favorable  strength,  thermal,  resis¬ 
tive,  and  non-corrosive  characteristics The  dimensions  were  based  on  the 
desired  heat  flux  density  of  approximately  4*000,000  Btu/hr  fte,  while 
keeping  the  sum  of  the  pressure  and  thermal  stresses  below  the  yield  point (2) . 
The  nickel  tubing  was  especially  drawn  end  the  total  variation  in  wall 
thickness  wag  measured  to  be  <,0003  in.  Appendix  C--4  gives  the  method  used 
to  determine  the  wall  thickness  to  be  used  in  inner  mil  temperature  calcu¬ 
lation®* 


The  power  supply  consists  of  two  36  KW  Ghandeyeson,  12  volt,  3000  amp- 
ere  direct  current,  externally  excited  generators  driven  by  440  volt,  3  phase, 
AC  600  R.P.M*  synchronous  motors.  In  order  to  obtain  the  maximum  heet  flux 
density  of  4s,330j,QQQ  Btu/hr.  ft2  calculated  by  Barton W,  a  maximum  currentof 


2 ft 080  amperes  at  23. -.6  volts  :5  s  Keaecer-ry.  la  addition  the  generators  must  be 
capable  of  delivering  any  amount  of  pcver  from  zero  to  maximum  as  required. 


The  method  devised  to  give  this  ride  range  of  poser  and  thus  a  vide 
rang©  of  boat  flux  densities  vas  to  connect  the  generator  outputs  in  series. 
One  generator  output  is  set  continuously  at  12  volts  and  the  second  generator 
output  is  added  or  subtracted  to  this  initial  12  volts.  This  is  accomplished 
as  in  Fig,  5  by  one  control  which  mechanically  couples  two  potentiometers , 
wired  so  that  movable  contacts  approach  opposite  polarities*  Thus  at  raid 
setting,  generator  #1  field  voltage  is  sore-  giving  a  total  voltage  output  of 
12  volts,  obtained  from  generator  #2,  At  one  extreme  position  of  the  poten¬ 
tiometers,  full  generator  #3  exciter  voltage  is  impressed,  across  generator  #1 
field,  adding  12  volts  to  generator  #2,  end  giving  a  total  output  of  24  volts. 
At  the  other  extreme  position,  full  generator  0.  exciter  voltage  of  opposite 
polarity  is  impressed  across  generator  0.  field,  subtracting  12  volts  from 
generator  #2,  and  giving  a  total  output  of  zero  volte.  Thus  the  entire  rang© 
of  voltage  from  0-24  volte  is  covered  easily  with  one  control. 

The  two  gererstore  arc  started  together,  with  the  potentiometer  circuit 
open  and  ropl? -sd  by  two  starting  resistors  set  to  give  a  aero  voltage  output, 
(Of*  Figs,  5  and  6).  This  is  done  to  insure  that  no  voltage  will  be  impressed 
upon  the  test  section  if  the  potentiometer  control  is  not  zeroed  before  start¬ 
ing,  Thin  could  cause  a  burnout  of  the  tost  section  if,  for  example,  cooling 
water  flow  wore  insufficient,  A  relay  is  then  energized  which  pulls  out  the 
starting  resistors  and.  substitutes  the  potentiometers, 

A  master  stop  button  is  provided  for  emergency  use  in  shutting  down  all 
electrical  equipment  with  the  exception  of  the  silicone  heat  exchanger  pump* 


girculatfag  ..Pump 

The  test  water  circulating  pump  is  a  four  stage  all  "stainless*  centri¬ 
fuge!  pump,  manufactured  by  H&yward-Tyler  and.  Company,  Ltd.  of  England,  repres¬ 
ented  in  this  country  by  the  DeLaval  Steam  Turbine  Co.  of  Trenton.,  J,  A 
drawing  of  the  pump  and  characteristic  curves  are  shown  in  Figs.  and  8, 

This  pump  is  of  the  submersible  type,  that  is,  the  entire  impeller  and 
motor  assembly  is  enclosed  in  a  single,  large,  stainless  steal  casing.  This 
has  the  advantage  that  there  are  no  rotating  shafts  of  any  kind  requiring  high 
pressure,  high  temperature  seals.  The  only  two  seals  in.  the  pump  ere  metal 
to  metal  contact  bo tween  the  outer  motor  casing  and  the  center  assembly  and  be- 
toeen  the  impeller  casing  and  the  center  assembly.  A  series  of  large  studs 
sledged  tight,  makes  the  possibility  of  leaks  very  remote. 

.  ,  Th®  malt,  disadvantage  of  this  pump  in  the  fact  that  the  motor  is  con¬ 

structed  ox  iron-silicon  and  the  motor  cooling  water  which  circulates  between 
it  and  the  stainless  casing  has  corroded  the  motor  considerably.  The  motor 
cooking  BsigShf  j-B  circulated  through  its  otvd.  h©^t  oxchangcr  but  botw@©n  the 
motor  cooling  wafer  and  the  pump  test  water  below,  there  are  four  holes  of 
about  3/o  in,  diameter.  They  are  intended  to  transmit  pressure  with  little 
exchange  of  water.  However,  upon  shutting  down  the  pump  it  was  found  that  some 
contamination  did  seep  down,  necessitating  complete  draining  and  refilling  before 
each  run. 


The  pump  had  been  filled  with  an  oil  before  shipment  which  could 
not-  entirely  he  removed  by  lluohiog,.  Thin  oeeesei fated  dismantling  the 
entire  pump.,  las  dismantling  was  also  deni  red.  since  a  sister  pump  located 
at  the  lIni?0TCi.ty  of  California  of  Los  Angeles  had.  experienced  gsilin.? 
between  wearing  rings  and  impellers,  end  investigation  found,  particles  of 
ssr.,d  in  the  stainless  steel  castings,  traces  of  which  had  been  found  in 
the  test  water  previously,  Mrs  ft..  ;tk  boodward  of  the  De  Laval  Company 
supervised  this  work,  a  complete  report  of  which  is  found,  in  Appendix  Do 

After  dismantling,  cleaning,  and  reassembling,  tho  pump  was  run  for 
approximately  forty  hours  through  the  closed  loop  without  the  test  section,, 
There  was  no  salting  or  stalling  end  the  pump  delivered  its  rated  load  It 
was  noted  that  distilled  water  of  conductivity  1  part  per  million  as  Nad 
became  contaminated  after  as  little  as  four  hours  in.  the  pump ,  The  lowest 
conductivity  ever  .recorded  after  a  daily  run  was  L  p,p*m..  "The  cause  of 
this  has  boon  determined  to  be  ferric  ions . 

It  was  decided  to  use  the  pump  as  it  was,  with  freshly  distilled, 
degassed  water  before  each  run  and  to  check  with  well  established  forced 
convection  equations  before  proceeding  to  the  surface  boiling  region.  No 
date  cowl o.  be  found,  pertaining  to  the  effects  of  electrical  conductivity 
DA.  the  test  water  on  heat  transfer  coefficients,  and  it  was  hoped  that  the 
effect  would  be  slight* 

Pleat  Exchanger 


The  function  of  the  beat  exchanger  in  the.  test  loop  is  to  remove  the 
heat  transferred  to  the  test  water  in  the  test  section  so  that  the  same  wat¬ 
er  can  .be  recirculated  continuously.  Sines  the  maximum  heat  input  contemp¬ 
lated  is  approximately  50  KFl>2) ,  the  heat  exchanger  must  have  a  capacity  of 
50  KW  or  170, ,000  8tn/hr, 

T.ne  final  design,  arrived  at*  consists  of  two  counter-flow  heat  ex¬ 
changers,  one  between  tho  test  water  and  silicon©  fluid  DC-701  (Dow  Corning 
Gorp, ) ,  the  second  between  the  silicone  fluid  and  city  water.  The  boiling 
point  of  DC-701  silicone  is  5 7£Pi:‘  at  atmospheric  pressure  and  since  the  max- 
i&ui"  inlet  temperature  oi  the  test  water  into  the  heat  exchanger  is  about 
„k...‘  Fj,  there  no  Q&nger  of  film  binding  et  the  coolant  contact  surface, 
which  would  bo  the  case  if  city  water  wore  used  instead  of  silicone  .fluid, 
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The  first  heat  exchanger  consists  of  a  tube  in  tube  unit,  with  the 
■.ter  flowing  through  a  3/8  inch  18  3-.SLG.,  typo  304  stainless  tube  and. 
ic'.one  flowing  through  a  3/4  inch  standard  wrought  iron  pipe  (,824  i»o 
The  second  heat  exchanger  consists  of  a  bundle  of  three  1/2  inch, 

,.j  .  copper^  tubes  through  which  the  silicone  flows  and  an  annulus  of 
rich  lb  B-f<,Go  copper  tubing  through  which  the  city  water  flows ,  The 
is  circulated  by  a  Worthington  gear  pump,  type  3  GAM,  A  velved  by- 
1  provided  around,  the  test  water  to  silicone  heat  exchanger,  find  can  be 
?.;<  .,fx>w  silicone  i lows  so  as  not  to  overload  the  punro  motor.  A  layout- 
two  heat  exchangers  if.?  given  in  fig.,  9 


Four  Vapor  Tension  thermometers  (U.  S  States  Gauge  Type  907S)  are 
located,  at  the  heat  exchanger  in. lets  and  ou.td.ets.  These  are  provided  as 
a  precaution  to  insure  that  the  city  water  leaving  the  city  wa tor-silicone 
hefet  exchanger  does  not.  reach  the  boiling  temperature ,  and  to  insure  that 
the  silicone  leaving  the  test  voter-  silicone  heat  exchanger  does  not  exceed 
the  boiling  temperature  of  water,  for  fear  of  vapor  binding  at  the  city  water 
surface  u  ~' 

As  a.  further  precautionary  measure ,  a  pressure  switch  connected  to 
warning  lights  at  the  main  control  panel,  is  located  at  each  heat  exchanger 
outlet.  These  provide  warning  in  the  event  of  a  city  water  failure,  a  fail¬ 
ure  of  the  Worthington  pump,  or  the  loss  of  the  silicone  fluid.  At  the  same 
time ,  it  provides  a  reminder  to  turn  on  the  silicone  pump  and  to  open  the  city 
water  valve  before  putting  any  power  into  the  test  section. 

Pressure  Vessel. 


The  purpose  of  the  pressure  vessel  is  to  provide  a  range  of  system 
pressures  up  to  2000  psia  and  to  provide  makeup  water  in  the  event  of  small 
leaks.  A  layout  of  the  pressure  vessel  is  given  in  Fig.  10-  It  consists  of 
a  five  foot  length  of  type  304  stainless  steel  seamless  tubing,  outside  diam¬ 
eter  6-180  inches,  inside  diameter  4*980  inches,  with  2  inch  plates  welded 
at  the  ends.  The  odd  gised  dimensions  were  not  chosen  particularly,  but  are 
a  result  of  the  inability  to  locate  any  other  siss  with  the  heavy  wall  thick¬ 
ness  needed  to  withstand  the  required  pressure. 

Pressure  is  built  up  by  boiling  water  in  the  vessel  by  means  of  8  110  volt 

AC,  1,5  KW  strip  heaters  (Chromalox  #T  15424)  bent  into  a  U  shape,  surrounding 
the  vessel.  In  order  to  obtain  a  good  heat  transfer  surface,  molten  aluminum 
was  cast  around  the  heaters  into  a  sheet  metal  mold.  The  entire  range  of  0-12  KW 
can  be  utilised  by  means  of  individual  toggle  switches  and  a  variac  across  one 
heater.  Once  the  desired  pressure  has  been  reached,  the  proper  combination  of 
heaters  plus  variac  setting  will  keep  the  pressure  vessel  at  equilibrium. 

Enough  insulation  has  been  used  so  that  the  heat  loss  to  the  atmosphere 
is  fairly  small,  about  2  KW  at  1500  psia,  yet  great  enough  to  give  flexibility 
in  decreasing  the  pressure. 

Instrumentation 

Flow  Measurements 

Test  water  flow  rates  are  determined  by  measuring  the  differential 
pressure  across  a  calibrated  orifice  (Cf.  Appendix  C-X)  by  means  of  a  Barton 
Differential  Pressure  Gage, 

This  gage  is  constructed  of  all  stainless  steel  parts,  and  although 
rated  at  1500  psi,  has  been  tested  to  2200  psi„  A  sectional  view  of  the  in¬ 
strument  is  shorn  in.  Fig.  11.,  The  range  of  this  gage  is  0-100  inches  of 
water  and  was  checked  at  atmospheric  pressure  by  a  water  manometer..  (Cf „Fig„12) 


“  J  - 


The  accuracy  of  the  instrument  is  within  +  1 %  of  full  scale  reading,, 

Pressure.  ..Vessel  Licuid  Level  Measurements 

„  ‘!f  veTJ  important  that  enough  water  be  put  .into  the  pressure 

vessel  mu tially  to  insure  a  sufficient  contact  surface  with  the  heated 
walle  ior  quid;  pressure  build-ups.  If  too  much  water  is  put  in  initially, 
there  arises  the  danger  of  completely  filling  the  vessel  due  to  thermal 
expansion  of  the  water  and  rupturing  the  vessel, 

.  *  level  indicator  that  would  withstand  pressures  ut>  to  2000  pal 

and  g iv©  a  remote  panel  reading  was  devised,  using  another  Barton  Differential 
Pressure  Gags  w^th  a  reversed  reading  scale  50-0  inches  of  water.  A  schematic 
diagram  of  the  indicator  is  given  in  Fig.  13, 

During  &  filling  prior  to  a  run,  the  pressure  vessel  is  filled  with 
valve  1  open.,  thus  insuring  that  the  bypass  loop  is  also  filled.  The  valve 
is  then  closed  giving  a  constant  head  of  water  at  gage  port  2.  The  head  at 
port  1  is  variable,  depending  on  the  height  of  water  in  the  vessel.  The  gage 
reading  is  then  a  direct  function  of  the  height  of  water  in  the  pressure  ves~ 
uel„  regardless  of  the  vapor  pressure,  which  cancels  out  by  being  additive  to 
each  side  oj,  tea  gage.  It  will  be  noted  that  at  the  minimum  indicated  level 
reacting,  tho  differential  pressure  across  the  gage  is  a  maximum,  and  at-  the 
maximum  indicated  level  reading,  the  differential  pressure  is  a  minimum u 

i  .  ..JJ®  <»?  serious  consideration  that  must  bo  given  this  type  liquid  lev¬ 
el  indicator  is  that  oi  varying  densities  of  water  at  various  saturation 
temperatures »  There  is  the  danger  that  the  vessel  might  be  full  at  some 
hj.gb.er  temperature  than  calibrated  and  yet  read  severe!  inches  lower  than  full, 
due  to  a  lower  water  density.  This  was  overcome  by  calculating  the  gage  read- 
xngs  for  a  pressure  vessel  full  of  water  at  various  saturation  pressures  up  to 

,)0  Psia'’  fifle?’6  safe  gage  readings  were  never  exceeded  for  any  parti¬ 
cular  operating  pressure.  J  b 

Poorer  Measurements 

,  The  purpose  of  the  power  measurements  is  to  accurately  determine  the 

heat  flux  density  q/A,  and  to  de tormina  the  test  section  current,  one  of  the 
variables  used  .in  calculating  the  tost  section  inner  well  temperatures. 

Current  is  measured  by  means  of  the  voltage  developed  across  a  stand¬ 
ard  resistor  shunt.  *our  50  millivolt,  3000  ampere  General  Electric  shunts 
were  supplied  with  the  motor-generators  and  one  of  these  was  sent  to  the 
National  Bureau  oi  Standards  for  calibration.  (Cf.  Fig,  H),  The  shunt  is 
constructed. of  manganin,  which  has  a  flat  resistance  versus  temperature  curve, 
rises  slightly  in  resistance  st  higher  temperatures.  The  shunt 
wass  mounted  with  the  vanes  vertically  to  enhance  natural  circulation  and  all 
copper  bus soar  connections  were  utilised  to  increase  conduction.  The  result 
was  that  the  shunt  remained  at  approximately  100©f  even  when  3000  amperes 
passed  through  it.  The  voltage  across  the  shunt  was  measured  with  a  Rubicon 


Potentiometer,  The  value  of  the  current  in  terms  of  the  potentiometer 
reading  is  shorn  belo^s 
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Voltage  measurements  across  the  test  section  were  also  made  by  means 
of  the  potentiometer*  with,  a  voltage  divider  network  utilised  to  scale  down 
tee  voltage  to  a  value  that  could  be  read  on  a  50  millivolt  potentiometer, 
Ihe  circuit  is  illustrated  in  Fig,  15,  Tb®  resistors  used  in.  the  circuit 
wore  purchased  from  the  General  Radio  Company  in  Cambridge*  Mass,  sad  cal¬ 
ibrated  by  the  Electrical  Instrument  Laboratory  at  M,X„Tc  The  results  of 
the  calibration  are? 


Ecfisfer  Resistance 

5Q0B  10  ohms  9,994  ohms  (R.) 

500K  5000  ohms  500? .5  ohms  (R  ) 


Hie  potential  taps  to  the  test  section  were  made  of  nickel  and  held 
in  place. by  a  stainless  steel  spring  mechanism.  The  taps  and  leads  ware  made 
of  nickel  in  order  to  reduce  thermal  MF"a,  The  resistance  of  the  leads  was 
approximately  1,0  ohms*  show;.!,  schematically  as  in  Fig.  15, 

The  voltage  across  R..  is  related  to  the  voltage  across  the  test  sec¬ 
tion  in  the  following  manners 


'  R. 


<r  =  sot.  8  E, 
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-  -son  voH-s/„-i)-vo/t. 


^tt^t-Cj^n^Outer..  Wall  Temperature  Measurements 

Measuring  the  outer  wall  temperature  of  the  test  section  presented  sev¬ 
eral  problems*  and  several  solutions  to  t-h©  problem  were  investigated  before 
the  method  in  use  on  the  apparatus  was  developed.  In  viewing  the  overall  prob 
X©m*  the  i olio wing  considerations  should  be  kept  in  mind? 

1,  A  thermocouple  in  intimate  contact  with  a  tube  wall  of  0,015  in. 
thickness  by  being  welded  or  silver  soldered  would  disturb  the  local  current 
distribution,  and  give  erroneous  temperature  readings.  In  addition,  a  thermo¬ 
couple  welded  to  the  test  section  might  result  in  stress  concentrations  which 


should  rupture  t-hf*  tubr 


h j.gh  •’• h  and  t— ran <?.? -a. tu? 
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3->  Thermocouples  not  welded  to  the  test  section  will  be  In  a  region  of 
high  temperature  gradient  from  the  wall  to  the  surrounding  air*  and  will 
give  temperature  readings  below  that  of  the  call,  My  electrical  insul¬ 
ation  placed  between  tbs  wall  and  the  thermocouple  will  add  to  the  error. 

The  method  in  use  on  the  apparatus  is  illustrated  in  Fig*  16,  Twelve 
thermocouples  are  bound  to  the  tube  wall  with  fiberglass  cord,  A  photo¬ 
graph  of  a  bound  test  section  is  given  in  big,  17.  Placed  between  each 
thermocouple  and.  the  tube  wall  is  a  small  sheet  of .0015  in.  mica  to  insul- 
at©  the  two  electrically.  Around  the  tube*  filled  with  a  high  temperature 
insulation  Kaolin  wool,  is  an  electrically  heated,  copper  shield*  mad©  in 
three  sections*  each  controlled  by  a  vari&c,  Three  thermocouples  are  sil¬ 
ver  soldered  to  the  shield  as  shown  in  Fig,  16, 

hhen  the  shield  temperature  is  adjusted  to  the  same  temperature  as 
the  test  section  outer  wall*  the  space  between  should  also  be  at  this  temp¬ 
erature.  There  should  then  be  no  temperature  gradient  across  the  thermo¬ 
couples*  which  would  read  the  correct  outer  wall  temperature.  Kreith  and 
Summer. field  {’})  and  McAdams  (4)  report  that  with  surface  boiling,  the  outer 
wall  of  the  test  section  is  at  a  fairly  uniform  temperature.  Thus  a  uni¬ 
form  setting  ot  the  shield  temperatures  for  any  one  set  of  conditions  should 
result  la  accurately  read  wall  temperatures.  In  the  non-boiling  region  of 
heat  transfer,  the  test  section  will  have  a  considerable  axial  temperature 
gradient,,  so  that  all  throe  variaes  can.  be  adjusted  to  follow  fairly  closely 
the  tube  temperatures,  A  discussion  of  tube  temperature  errors  as  found  in 
a  mock-up  of  the  test  section  is  given  in  Appendix  C-5- 

Test . Section  Pressure  Drop  Measurements 

Pressure  drop  across  the  test  section  is  measured  by  means  of  a  Barton 
Differential  Pressure  Gage,  0—150  inches  of  water.,  connected  at  the  pressure 
taps  as  shown  in  Fig.  4,  The  temperature  of  the  water  in  the  vertical  test 
section  is  considerably  higher  than  the  temperature  of  the  ambient  water  in 
the  gage  lead-in  tubing,  necessitating  a  correction  factor  to  determine  the 
actual  friction  pressure  drop.  The  equation  for  converting  gage  readings 
to  friction  pressure  drop  is  s.s  follows* 


flf3  #  (oi.i-Kb) 


(./.A 


£>  i S t"A n (  e  be fus e eh 
pressure  f&p s 
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Degassed ,  distilled,  water  is  used  in  all  runs.  Distilled  water  of 
cc&duct 0:.  i  pp nh  is  degassed  by  boilis.g  in  a  stainless  steel  container 
heated  by  a  steam  coil,  Toe  system  is  filled,  and  the  water  is  circulated 
through  the  pressure  vessel  and  heated  to  boiling,  This  drives  any  air 
trapped  in  the  loop  into  the  pressure  vessel*  which  is  vented  to  the  ataaos- 

nh'aT'» .. 


The  ay©  i»©si  pressure  is  then  raised,  to  the  desired  levs!  by  boiling 
tbs  water  in  the  pressure  vessel.  The  system  throttle  valve  is  adjusted  to 
the  approximate  flow  desired,  slight  changes  being  necessary  as  bulk  temp¬ 
eratures  change.  The  direct-current  generators  are  now  energised*  end  ap¬ 
proximately  500  amperes  is  passed  through  the  test  section  without  the  heat 
exchangers  operating.  When  the  bulk  temperature  of  the  water  has  reached 
the  desired  value,  the  heat  exchangers  are  put  into  operation. 

Toe  power  input  to  the  test  section  is  gradually  increased  while  ad¬ 
justing  the  heat  exchangers,  throttle  valve,  and  pressure  vessel  heaters  to 
maintain  the  desired  values  of  velocity*  pressure,  and  eubcooling,  Prelim¬ 
inary  data  is  taken  continuously  in  order  to  determine  when  steady  state 
conditions  have  been  attained. 


.  Several  sets  of  data  are  taken  at  each  equilibrium  condition  in  an 
effort  to  detect  any  possible  transients,  end  to  minimis®  human  errors  in 
rending  instruments.  In  order  to  obtain  an  entire  curve  in  as  few  runs  as 
possible,  the  pressure  and  velocity  are  kept  constant  as  the  power  input 
is  increased.  The  water  bulk  temperature  is  allowed  to  vary  slightly  within 
a  range  wuch  will  keep  the  desired  bulk  temperature  somewhere  within  the 
test  section,  This  can  b©  done  because  of  the  method  of  point-wise  calcula¬ 
tion  which  determines  the  host  flux  density  q/ky  the  inside  wall  temperature 
%®  the  bulk  temperature  at  seven  points  along  the  tube. 


In  an  effort  to  follow  each  run  hot*©  closely,  a  number  of  curves  and 
cutoT&s  wbvb  pr®ps,r0d  1b  Edwitic©  which  corvror'fc  outeicte  wall  teiap© vb, tux®© b  to 
inside  wall  temperatures,  power  to  q/A  in  Bfeu/hr  ft/?-,  potentiometer  readings 
to  temperatures,  and  differential  pressure  gag®  readings  to  water  velocity * 
in  feet/sec.  From  the  Colburn  equation,  curves  of  q/A  versus  t»-ts  had  been 
plotted  for  the  particular  operating  conditions,  and  data  points  are  spotted 
on  the  curve  a s  they  are  obtained. 


2§£&Jjg£M£& -fia.ts.r_.  Wall  Temp  -era  ture  Keas-urewm  is 

In  order  to  obtain  accurate  wall  temperature  measurements  using  the 
method  of  &  heated  shield,  it  is  important  that  the  shield  and  the  outer 
wall  ox  the  test  section  be  at  the  sem©  temperature.  This  method  had  been 
developed  ©n  the  assumption  that  an  almost  uniform  outer  wall  temperature 
would  be  found  at  the  condition  of  surface  boiling. 
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It  m.s  found s  however,  that  the  wall  temperatures  increased  fro® 
inlet  to  ©utlets  with  a  maximum  increase  of  4Q0»F  found  in  Run  8,  That 
particular  test  section  was  found  to  hays  the  thickest  deposit  of  scale  (5), 
other  runs  varying  fro®  clean  to  slightly  contaminated  tubes „  To  obtain 
accurate  temperature  measurements,,  each  section  of  the  heated  shield  is 
set  equal  to  the  outer  wall  thermocouple  opposite  it.  From  Fig,  28,  the 
error  in  outer  wall  reading  is  soon  t&  be  less  then  5°F  if  the  shield 
temperature  differs  from  the  tube  temperature  by  as  much  as  65©F, 

4  technique  of  reaching  equilibrium  quickly  between  each  shield 
section  and  its  opposite  tube  temperature  was  developed.  It  is  accomplished 
by  overshooting  the  controlling  variac  in  the  direction  of  change*  and,  then 
backing  off  quickly  when  the  desired  temperature  is  reached.  Each  shield 
section  has  a  small  effect  on  its  neighbor  but  no  great  difficulty  in  obtain¬ 
ing  the  proper  temperatures  has  been  experienced 0 


Test  Water  Mr  Content  Analysis 

The  Winkler  technique  is  used  to  determine  the  quantity  of  oxygen 
dissolved  in  the  test  water «  Th©  dissolved  air  is  calculated  from  the  ratio 
of  the  Henry" e  law  constant  for  air  and  oxygen  in  water, 

£  wid©  mouth*  glass  stoppered*  250  ©c  bottle  is  used  for  the  samp¬ 
ling  and  subsequent  chemical  analysis.,  The  test  water  is  introduced  through 
a  rubber  tube  into  the  bottom  of  th©  bottle*  and  th©  water  is  allowed  to 
overflow  for  several  minutes  to  insure  that  the  water  which  had  corns  in  con¬ 
test  with  the  air  will,  bo  removed,, 


The  chemical  reagents  which  are  used  consisted  of  the  followings 

lo  4-80  g©„  MnBO ,  in  on®  liter  water 

2u  100  g®«  MsOH  and  360  gsa,  KX  in  one  liter  water 


3  s'  Concentrated  Kg  SQ^  diluted  Ir.I  with  die  tilled  water 
4=  5  gsio  Starch  to  100  ec  water 


5, 


Standard  solution  Na„S_CL 

*  2  3 


(approximately  ,01  Normal) 


The  procedure  followed  is  to  add  2  ©c  of  reagents  1,  2  and  3  in  that 

order  to  the  250  ee  water  sample,  A  few  ©e  of  starch  solution  4,  is  added 

which  turns  the  color  blue.  100  sc  of  this  blue  solution  is  then  titrated 

with  reagent  5*  the  standard  solution  of  N&„Sn0.o 

d  2  J 

2he  chemical  reagents  are  added  through  graduated  pipettes  placed  at 
the  bottom  of  th©  sample.  The  2  o©  of  ©ash  reagent  displaced  a  like  amount 


at  the  bottle  mouth,  end  it  mas  hoped  that,  this  method  mould  remove 
most  of  the  error  that  mould  be  obtained  by  oxygen  dissolving  at  the 
mater  surface.  No  further  precautions  are  observed  after  the  EgBQj;  ie 
added  as  further  oxygen  dissolved  in  the  sample  har  no  effect  on  tho 
amount  of  titration.. 

The  equation  belom  relates  the  amount  of  oxj-geo  in  parts  per 
Billion  by  weight  to  the  normality  and  number  of  cubic  centimeters  of 
NgUgSgQj  titrated. 


©2  “  80  (&)  (ce)  ends 
Air  ”  2,9  0„ 


oacipla  calculationa  are  based  on  Run  7--U  with  the  aid- 
point  of  the  test  section  (station  4)  being  used  for  all  calculations, 

1-g  Inside  wall  tempo r®  tur& 

ouTwa^dt?  ^  in  Fi6’  “  lB  k>  detsralM  V4.  f™  «*e 
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Cui  -  452  V 
£2— Hean  Resistivity 


The  mean  resist ivter  as  &  iunc^on  ©£  the  temperature - 

.e  mean  resistivity  at  station  .4  is  assumed  to  be  that  evaluptedst  th*. 
mean  well  temperature,  (to  +  t  )/2,  evaluated  at  the 
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6,  Temperature  Braving  £orce 
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2°. . Swy£&c®  Heat  Transfer  Coefficient 


/,  2-£5/t  OOO 


/:  —/- 
u>  *" b 


h  =  -^fe°0  Bfu  lhr  Vi'  °F 


8o  Subcoollng 

«nm=^caC7wau«3iC»^,rac5SBi«»:'W»«i™--A.J. 


'  /** 
Sfi  t 


3*5-237 


b  -  14% V 


9c  Nuseelfc  Number 

-gents'.  7  r^3^-cj.  ^  i:  — ijisiSSKtea 

K 

Nu  *  Z/2. 
10 o  Frssdfcl  Number 
Pr  ~  AA 


(S&CO^i'OtS) 


•  3% 


(7*  02  )(-  &ci 
’TIAT""*’ 


V  -  /.  £1 


11-  Royaolda  Number 
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lia PrasEuro.  JJrpp Jggllfc o.l1-  Tes t  Section 

4i  *  1°  obf-f'in  the  friction  pressure  drop  across  the  heated  portion  of 

*est  section®  two  corrections  Bust  be  made  to  the  Barton  differen¬ 
tial  pressure  gage  reading.  The  pressure  drop  across  the  unheated  portions 
Oa  the  tes v  section  must  foe  subtracted  from  the  total  readings  and  correc— 
tion  must  be  made  for  the  difference  in  densities  between  the  liquid  within 

vhe  test  eeet&on  and  the  liquid  in.  tho  lines  connecting  the  gage  across  the 
test  sections 

a-  No  Surface  Boiling 
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b- ..  Surface  Boiling 

Tha  pressure  drop  under  conditions  of  surface  boiling  cannot  be  ac¬ 
curately  calculated  since  the  unknown  quantity  of  vapor  within  the  test 
section  micas  the  average  density  uncertain.  If  the  density  is  assumed 
to  change  a  negligible  amount  as  far  as  pressure  drop  is  concerned®  the 
following  equation  is  a  good  approximation.  Calculations  ere  based  upon 
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Ares.9  sq  feet 

Heat  transfer  ®rea;.  sq  fee i 
Sj@cd.fie  heat,  Biu/lh  **f 
Blame ter,  feet 

,  Inner  diameter  of  test  section,  feat 

Voltage  gradient,  volts /ft 
Test  section  voltage,  volte 
Mass  velocity, Ib/hr  ft*1 

Surface  coefficient  of  heat  transfer,  Btu/hr  ft 2  °F 

Test  Section  Currents  amperes 

Thermal  Conductivity,  Btu/hr  ft  °F 

Test  section  length  between  potential  taps,  9,13  inches 

Test  section  heated  length,  38  inches 

Test,  section  total  length,  23,12  inches 

Mussel t  number 

Pressure,  paia 

Pressure  drop  reading  acr>ss  test  section,  in,  SLQ 

d 

Pressure  drop  reading  across  test  section  with  no  boiling, in,  H^Q 
Pressure  drop  across  heated  portion  of  test  section 
Prand tl  number 

Beat  flu*  density.,;  Btu/hr  ft”' 

Outer  radius  of  feet  section,  feet 


Inner  radius  of  test  section,  feet 


E 

Re 


r 

1 

'zdp 

it 


Resistance,  oh m 
Reynolds  number 

Test  ©a ter  bulk  temperature,  0F 
Test  meter  inlet  bulks  temperature,  °F 
Test  meter  outlet  bulk  temperature,  °B 
Test  section  outer  well  temperature,  °F 
Test  section  inner  wall  temperature,  °F 
Saturation  temperature,  °F 
Heated  shield  temperature,  °F 
Temperature  dri-ring  force,  ty=4.,  °f 
Flow  velocity,  feet/sec 
Flow  rate,  Ib/hr 

Distance  between  thermocouple  station®,,  l„4  laches 
Temperature  coefficient  of  electrical  resistivity,0?*3. 
Temperature  coefficient  of  thermal  conductivity,  CF*>3, 
Temperature  coefficient  of  thermal  esxpansion^F*3, 
Density,  Xb/eu  ft 

Density  at  bulk  temperature,  lb/cu  ft 
Electrical  resistivity,  ohm  feet 
Electrical  resistivity  at  temperature  %  *  % 

<B'a^&aeaawt«i»iBaesS»» 
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/d-  Viscosity,  Xb/bx  ft 
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Inner  Ball  Temr-crature- 

7h®  equation  used  for  calculating  the  inner  wall  te apsrature  wss? 
derived  by  K.rciib.  and  Summsrfield  end  i©  given  below?. 
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Since  the  electrical  resistivity  of  L  nickel  varies  so  widely  with 
temperature*  the  voltage  gradient  along  the  tub©  de/vx  rill- vary  consider¬ 
ably,,  To  avoid  the  installation  of  a  series  of  potential  taps  along  the 
test  section  to  determine  the  voltage  gradient  at  each  thermocouple „  the 
equation,  ms  put  in  terms  of  current,  the  average  value  of  which  is  constant 


t  all  cross-sections i 
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The  conversion,  is;  a©  follows  i 
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The  equation  has  been  plotted  in  Fig*  18  as  t 

levels  of  t .  n  f( 


°t  versus  I 


various 


2»  Heat  Fins:  Density  q/A 

The  power  dissipated  in  any  portion  of  the  teat  section  is  dependent 
upon  the  resistance,  which,  being  a  function  of  temperature,  varies  from  point 
to  point  along  the  tube,,  The  heat  fluz  density  then  varies  along  the  test 
section  length  and  must  be  calculated  to  obtain  accurate  results s 


S~,  si-  t  S-l 


....at!  or  of  a. 


if  t  i-  '■  t '  6>s 


.i>  j'i.vm'L  ?  ;  6 


5  4/3  X'/? 


.<*  \  ffi't  \l< 

/  .  «»r‘  /  A  _  ,? 

//  ~J(  O:  f  f  f  !f  ^  **  p‘  ‘  " 


/.  /  4,  a  i  !A6)  r  kP 

g  '  *  0  t  y  /  -  r 


3  *  Rr»|?x  Lk  JFemp9.ra.tttr© 

Sxtjcs  the  beat  fly;;:  density  vartos  considerably  along  the  test 
section  length?  it  in  not  sufficient  to  assume  a  linear  increase  in  the 
tost  matar  temperature  from  inlot  to  outlets  As  an  example,,  an  error  of 
1&  in  the  i@a;?oraturo  driving  force  is  Snirodueed  in  Run  7=1.3  by  making 
this  assume t ion * 

A  more  exact  method  of  finding  tv  is  baaed  upon  the  integration 
of  q/A  wer  the  area  from  the  inlet  to  station  in  question*  For  the 
tier twation  of  the  equation  two  assumptions  are  nr-?essary?  that  there  is 
no  sigr-if if  .»*?>  heat  filet?  rxl&Xly  along  the  tube,  and  that  during  surface 
boiling  the  vapor  generated  within  the  toho  does  not  fippreo.is.bly  change 
the  average  specific  heat  of  the  water, 

Ths  snurgy  balance  between  too  electrical  wergv  dissipated  in  a 
nmli  element  of  tubing  d*~  end  to®  corresponding  temperature  rise  of  toe 
*>8  tor  la  expressed  in  toe  aqua  tier,  beior* 


r  '  fc 


$4  « 


■I a  ■=  V,  rt>,  dk 


Rearranging  the  terms  and.  integrating? 

frit,  -  Eli  f  V  A 


For  purposes  of  grcphics.1  integration,  q/l  is  plotted  at  the  thermo 
couple  stations  along  the  test  section  as  illustrated  in  Fig*  19.,  Between 
m$  two  stations,  n  end  «*4„  q/t  is,  Resumed  to  vary  linearly  *  The  mean  1 


(M 


(Z/a)  *  <Z/a), 


and  the  equetion  for  the  temperature  rise  between  any  two  stations  iss 

t  -t,  ,  '=  EK  (U\)  x 

>n  (h-,)  c  ^  V-(n-,) 


i  take®  with  the  apparatus  affor ds  several  cheeks  of  this 
equation*  The  q/AcVg,  ©alcuXated  fro®  the  porer  measurement  should  be 
equal  to  the  average  "height  of  the  q /#,  versus  length  plot*  and  the  sura  of 
the  eater  temperature  rises  between  stations  should  equal  to  t  ^-t^o 
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-  tfoaticns 

The  rang*;  of  flows  to  be  covered  was  est-i  me  tod-  to  be  from  300  to 
1300  pounds  of  rater  per  hour,  which  corresponds  to  velocities  through 
the.  test  section  of  10  to  40  feet  per  second,.  Two  orifice  plates  and  a 
Barton  Differential  Pressure  Gege8  0-100  Inches  of  yater#  were  obtained 
to  cover  this  range®  To  insure  the  accuracy  of  the  flow  measurements# 
the  orifice  plates  ware  calibrated c 

The  system  used  for  the  calibration  consisted  of  a  centrifugal  pump 
as  a  source  of  pressure#  a  valve  regulating  the  flou#  and  the  Barton  gage 
measuring  the  pressure  drop  across  the  orifice  9  and  a  wsi.ghing  tankc 

The  formula  relating  the  flow  and  the  pressure  drop  across  the  ori¬ 
fice  is* 

UJ  as.  ^  f\  C„  j”  £jJd~  C*f  |  ft*  &  P 

G.j  for  any  given  orifice  is  a  function  of  thu  Reynolds  number  at  low 
Reynolde"'nurobers,  but  remains  constant  at  higher  values*  The  flows  to  be 
measured  are  all  at  the  higher  Reynolds  numbers#  making  G,  a  constant  through 
out  the  entire  range..  A 

Date  obtained  in  these  calibrations  is  presented  on  the  following  page 
Curves  of  flow  in  pounds  per  hour  versus  Barton  gage  reading  have  been  plot¬ 
ted  in  Pig*.  20 o  From  these  curves#  velocity  through  the  test  section  in. 
feet  per  second  versus  Barton  Gage  reading  have  been  plotted  in  Fig®  21 o 
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Reynolds 

Number 
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25,600 

18,30 

50 

1023 
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60 

.1125 
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18,28 
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-  Hicteel  Reei©  tiyity  Mec nurem*^ t 

M  assure te  knowledge  of  the  resistivity  end  thermal  conductivity 
£  ?  IWWon  of  temperature  is  necssssry  for  the  calculation 

ff  to*  toner  w«U  tamper* euro  of  the  test  section.  Date.  obtained  from 
tee  International  Nickel  Company  in  a  private  communication  was  deemed 
satisfactory  lor  the  thorax  conductivity,  £r,te  Fig,  24)  but  resistivity  ■ 
«tat©d  to  vary  slightly  from  heat-te-heat,  Therefore  msasnremeuts  if 
the  resistivity  of  the  nickel  tubing  dreru  for  us  were  made  at  various  tear- 
eratures  to  determine  the  valves  for  the  particular  tubing, 

A  schematic  diagram  of  the  apparatus  used  is  shorn  in  Fie  2?.  ihr 
nickel  tubing  was  maintained  at  various  temperature  levels  in  an  ©lectHc- 

th  f  ,  *T 7UWe  \  'Ahft  toem>ooupXes  ^sro  P^eed  longitudinally  along 

the  tube  for  temperature  determination.  The  tube,  a  standard  resistor  of  “ 
oOl  ohms,  and  e  variable  rheostat  wore  connected  in  series  across  a  2  volt 

fche  e^rent  in  the  loop  is  constant,  the  ratio  of 

°i  6  TT  of  the  ^be  ^  that  of  the  standard  resistor  are 
proportional  to  the  voltage  drop  across  each „ 

A  Rubicon  semi-precision  potentiometer  was  used  to  measure  these 
voltage  drops  at  various  tempera tu res.  The  potential  taps  were  placed  on 

T?®  far  fro®  the  calibrating  current  terminals  to  insure 

t  Th  \  IT  T®  ®*  £t1y  crc'r-s  seeUon  Of  the  tub®  between  potential 
top55-'  She  lead. -in  wires  were  me.de  of  nickel  to  reduce  thermal  EMF«e, 

..  Tae  rheostat  was  placed  in  the  circuit  to  drop  the  excess  battery 
voltef  and  to  slier  for  variation  of  the  calibrating  currant  and  hence  the 

thf  L  T  °S  ST  1°  T  T  mSRSyr^'-  Thie  carved  as  a  check,  sine® 

:  ®  ratJ°  °A  fch®  tFo  voltage  drops  should  be  a  cons tent  at  any  particular 
temperature^  regardless  of  the  level  of  current,  *  P . 

The  thermocouples  along  the  tube  indicated  a  maximum  variation  in 
temperature  of  If-*  end  to  end  a.t  a  temperature  level  of  800°F.  The  average 
value  ©1  th*,  three  temperatures  was  used.  Small  thermal  MF*e  were  regie- 

the  lengt?.of  ,th®  to'be  when  tfce  calibrating  current  was  reduced 
Tl,®f  TC  ®ubtra«te<*  ^  toe  potentiometer  readings  to  obtain  the 

S.tent'  I?PJ 6lT['  T  reWo  of  too  two  voltage  drops  remained 
constant  at  a  particular  temperature  to  within  ,5%  at  various  magnitudes  of 


Temperature (°F) 


Tube  Resistance 
(Ohms  10~S) 


2,955 

4-105 

5,158 

5,598 


7,291 


9,950 

10,459 

10,925 

11,265 


807 


Toe 

relation • 


of  the  t-,/l 


defined  by  the-  following 


Since  the  ere©  end  length  ere  a  function  of  temperature,, 
expanded  to? 


the  equation  is 


(  /  f-  o^r  At) 
{  /*•  c;r  At) 


C/y-o^At) 


The  cross-sectional  ares  of  the  tube 
of  length  and  weight  and  fro©  known  density „ 

fiegttlta  (Plotted  in  Fig,,  23) 

Temperature  (°F) 


was  calculated  from  measurement® 
(Cf  App,  C-4) 

R@sistl.rity  (ohm-feet  x  1.0“^) 


75 

2,961 

216 

4*117 

321 

5,179 

365 

.5,620 

4.65 

6,7SA 

506 

7,327 

61.5 

9,017 

66S 

10,009 

?oi 

10,532 

757 

11*001 

807 

11,344 

3 1 Thermo  eonglg  Calibration 

Thermocouples  of  ^hrorael  P  and  Con® tan tan  were  used  for  temperature 
measurement®.  These  metals  were  chosen,  for  their  high  thermal  Mf  per  degree 
of  temperature  difference,  and  for  stability  at  temperature®  to  SOW. 

The  thermocouples  were  calibrated  at  the  Heat  Measurements  Laboratory 
at  the  Massachusetts  Institute  of  Technology.  Apparatus  is  set  up  there  for 
calibrating  thermocouples  at  the  temperatures  of  condensing  steam,  condensing 
naphtha,  condensing  mercury,  and  condensing  sulfur.  In  addition,  there  is 
®-  large  copper  block  that  is  maintained  electrically  at  approximately  120®F 
in  which  thermocouple®  can.  be  calibrated  against  a  standard  Copper-*Coaetantan 
thermocouple.  If  was  felt  that  this  number  ot  points  would  be  adequate  to 
gtee  temperatures  of  %.*5%  from  32~800?/F  when  the  thermal  IMF  ie  measured  by  a 
precise  potentiometer  end.  galvanometer® 
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Fig,-,  26  is  a  plot  of  the  deviatioR  of  the  calibrated  thermocouple  from 
the  Bureau  of  Standards  date  gives  in  Tables  19*  2G*  and,  21  of  ‘Tables  of 
Thermocouple  Characteristics* ,  a  General  Electric  Publication  (GET-MIS),  These 
tables  wars  derived  fro©  Bureau  of  Standards  date,  cm  Chromal-piatinu®  and  Constant* 
tes*PXa tiaun  tb  ©nooeouplos » 


ff^jbr&tdoft  Date 
Apparatus 
Coppe r  Gompara to r 
8  iesw  Gomlm  so  r 
Naphtha  Condenser 


Temrs(,°F 


117,36 

213 .8 

423.8 


Jfcsrjpffl.  ^MP(my) 
2,78 
6,08 
14*18 


Mercury  G-oedenssr 
Sulfur  Condenser 


fall  Thickness 


673*3 

831,7 


24,48 

31.19 


In  order  to  accurately  calcinate  the  inner  wall  temperature  at  any  point 
along  the  test  section*  the  wall  thickness  and  the  outer  wall  temperature  at 
that  point  must  be  accurately  known.  This  would  necessitate  a  delicate  measur¬ 
ing  device  which  could  probe  into  a  ..ISO  in,  diameter  to  a  depth  of  at  least 
half  the  test  section  length*  and  map  the  wall  thickness  at  points  where  thermo¬ 
couples  were  to  be  placed. 


It  was  felt  that  the  accuracy  obtained  did.  not  warrant  such  painstaking 
instrumentation  since  thsmD8oup3.es  were  to  be  placed  at  intervals  along  and 
around  the  tube*  and  knowing  the  precise  inner  wall  temperature  at  &  few  selec¬ 
ted  points  only  would  not  give  any  more  accurate  results.  It  was  felt  that  the 
average  wall  thickness  of  the  entire  test  section  would  give  as  meaningful  re¬ 
sults. 


From  known  density*  and  measured  weight,  length,  and  outside  tube  diam¬ 
eter  of  ,2101  in,*  the  average  inner  diameter  was  calculated  to  be  ,1805  inches. 
The  average  wall  thickness  was  then  calculated  to  be  ,0148  inches. 


A  mock-up  of  the  test  section  was  built  to  determine  the  operating 
characteristics  of  the  heated  shield  method  of  surface  temperature  measurements 


The  characteristics  of  specie.!  interest  wares 

o 

Xo  Tolerances  of  the  shield  temperature  which  would  permit  1  F 
accuracy  using  thermocouples  bound  to  the  outer  tubs  wall, 

2r.  The  axial  temperature  distribution  of  the  shield »  Cooling 
effects  of  the  end  supports  might  place  too  great  a  temperature  gradient 
in  the  shield  axially  which  would  introduce  errors  in  measuring  the  outer 
walls 0 

3.  Tim®  increments  necessary  to  achieve  steady  stats  with  the  shield 
at  the  same  temperature  as  th©  test  section.  If  the  time  necessary  to 
come  to  equilibrium  is  too  great,  data  taking,  the  bulk  ©f  which  is  the 
test  section  outer  wall  temperature,  will  bo  slewed  down  considerably. 


la  order  for  a  mock-up  to  be  of  any  ■value,  it  should  approach  as 
closely  as  possible  the  actual  operating  characteristics  of  the  ultimate 
installation.  Since  th®  actual  apparatus  had  not  been  fully  constructed, 
it  was  necessary  t©  rely  partly  on  the  reports  of  other  investigators  (3), (4) 
in  determining  what  the  actual  operating  characteristics  might  be  in  the  sur¬ 
face  boiling  region. 

The  prim©  prerequisite  was  thought,  to  b®  a  tub©  of  constant  axial 
temperature  to  resemble  surface  boiling  conditions.  Another  important 
prerequisite  was  a  constant  temperature  tub®  regardless  of  surrounding 
atmospheric  temperatures.  This  was  determined  from  the  fact  that  in  th® 
ultimate  installation,  the  amount  of  heat  loss  from  the  outer  wall  is  so 
small  compared  to  the  heat  flowing  from  the  inside  wall  to  the  water, 
that  its  magnitude  will  not  affect  the  outer  wall  temperature  at  all. 
Therefore,  the  actual  outer  wall  temperature  of  the  tube  will  not  b©  affect- 
ed  by  changes  in  the  shield  temperature,  only  th©  thermocouple  readings 
will  be  affected. 

To  achieve  these  conditions  it  w©g  decided  to  pass  condensing  vapor 
through  a  nickel  tube  having  th©  same  dimensions  as  the  test  section. 

The  surface  heat  transfer  coefficient  between  a  condensing  vapor  and  the 
inside  surface  of  the  tube  is  sufficiently  high  that  any  cooling  or  heat¬ 
ing  effect  by  the  shield  surrounding  the  tube-  will  not  change  the  tube 
temperature  from  that  of  the  condensing  vapor.  As  long  as  the  condensing 
vapor  is  in  the  two  phase  region  along  the  entire  length  of  the  tube,  the 
temperature  along  the  entire  length  will  be  uniform,  neglecting  small 
pressure  drops. 

Initially,  condensing  sulfur  was  tried  since  the  condensing  tempera¬ 
ture  of  sulfur  is  close  to  the  maximum  temperatures  expected  in  the  actual 
installation.  It  was  found  that  with  a  simply  built  apparatus  a  uniform 
temperature  tube  was  difficult  to  obtain.  There  were  large  axial  temperature 
variations,  and  the  tub©  temperature  changed  with  the  shield  temperature. 


Condensing  steam  was  then  tried  end  found  to  produce  a  uniform 
tube  temperature  that  remained  constant  when  the  shield  temperature 
tos  varied  over  a  ride  range-.  The  temperature  of  the  tub©  was  mush 
low  than  those  expected  in  the  actual  installation,  but  the  results 
were  felt  to  b©  significant  sin©©  it  is  the  relative  temperature  be¬ 
tween  the  tube  end  shield  that  is  of  primary  importance 

A  schematic  diagram  of  the  mock-up  is  given  in  Fig-,  2?«  later 
vapor  rises  through  the  nickel  tubs  and  is  exhausted  to  the  air.  Six 
thermocouples  are  bound  to  the  tubing  in  the  same  manner  as  on  the  ac¬ 
tual  apparatus,  with  fiberglass  insulation  and  a  thin  pies©  of  mica  be¬ 
tween  each  thermocouple  and.  the  tube.-,  In  addition  there  is  one  thermo¬ 
couple  silver  soldered  to  the  tube  for  the  determination  of  the  true 
tube  temperature.  The  copper  shield  has  three  thermocouples  silver 
soldered  to  it,  and  approximately  20  feet  of  #24  fiberglass  insulated 
chrome!  wire  is  wrapped  around.it  for  resistance  heating.  The  tuba  and 
the  shield  are  both  inside  a  large  ceramic  tube  which  acts -as  a  separator 
of  the  two  steel  end  supports.  &  ceramic  tube  of  the  same  dimensions  is 
used  on  the  actual  installation  and  it  was  included  here  to  determine  its 
effect  on  the  apparatus  operation.  The  only  effect  of  th®  ceramic  tube 
was  to  increase  the  time  for  the  system  to  reach  equilibrium.  This  time 
was  appreciably  shortened  by  machining  four- 1/2  in.  holes  at  the  top  and 
bottom  and  allowing  air  to  circulate  between,  ceramic  and.  copper  shield. 

The  results  of  the  teats  run  on  the  mock-up  are  plotted  in  Fig.  28. 
They  lead  to  the  following  conclusions; 

X.  The  shield  temperatures  sen'  vary  10°F  above  or  below  the  actual 
tub®  wall  temperature  and  give  an  accuracy  of  X°F  on  th©  tubs  wall  temper¬ 
ature  reading. 

2.  The  axial  temperature  distribution  of  the  shield  was  uniform 
t©  within  2rjF  at  all  the  tested  temperature,  giving  ris©  to  the  h^a  that 
it  would  be  uniform  at  higher  levels  of  temperature , 

3-  Ths  time  increments  necessary  for  the  apparatus  to  come  to  esul-  • 
librium,  with  th©  shield  and  tube  temperatures  the  same,  was  about  10  minutes 
This  amount  of  time  was  not-  considered  unduly  long,  since  in  the  actual  in¬ 
stallation,  th©  time  necessary  to  come  to  equilibrium  after  a  change  in,  ©per— 
a ting  condition®  would  certainly  be  greater  then  the  time  to  bring  the  shield 
to  the  proper  temperature. 

bats,  obtained  is  given  on  the  n-®xt  pugs-, 


DISMANTLING  OP  HAYW^RD-TUER  ppp 


Under  the  supervision  of  Ur.  *f,  N„  Woodard  of  the  DeLaval  Sterna 
Turbine  Co-.,  the  Hayward-Tyler  pump  was  completely  dismantled,  except  for 
the  upper  motor  assembly.  Figs,  29  through  ,35  are  photographs  of  the  pump, 
recording  the  work  as  it  progressed. 

Fig,  29  shows  the  pump  as  if  was  removed  from  the  test  cell.  Fig,  30  shows 
the  pump  housing  which  contained  a  pool,  of  rusty,  oily  water.  It  might  be  noted 
that  because  of  the  height  of  the  inlet  and  outlet  ports  above  the  bottom  of  the 
pimp  housing,  a  quantity  of  water  always  remain®  at  the  bottom,  making  the  task 
of  completely  flushing  quite  difficult. 

Fig,  31  was  taken  with  the  pump  assembly  removed  for  inspection  and 
cleaning.  Fig,  32  ie  the  entire  four-stage  pump  assembly  as  it  is  contained  in 
the  pump,  and  Fig,  33  is  a  blown-up  view  of  the  bottom  stage  of  the  pump  assemb¬ 
ly  >  the  right  side  being  the  bottom,  Reading  from  left  to  right  the  parts  ares 
pump  impeller,  guide  vanes,  wearing  plate,  split  ring,  return  vanes,  wearing 
plate,  split  ring,  and  pump  bearing  housing. 


Fig,  34  is  a  close-up  of  the  guide  vanes  and  impeller  and  shows  clearly 
the  poor  quality  of  the  stainless  steel  castings,  which  contained  blowholes  and 
imbedded  sand  particles.  The  fact  that  the  impeller  blades  were  not  machined 
is  perhaps  one  of  the  major  factors  causing  such  low  pump  efficiencies  (Of, Fig-8), 

The  shaft  as  seen  in  fig,  31  was  checked  with  a  dial  indicator  and  a  run¬ 
out  of  ,014  in,  .Total  Indicator  Reading  was  found.  The  cause  of  the  run-out 
could,  not  be  determined.  This  run-out  may,  or  may  not,  be  objectionable,  but 
might  increase  the  danger  of  galling  at  the  wearing  rings.  The  total  wearing 
ring  clearance  was  .005  in,  It  was  at  these  points  that  ’the  pump  at  U , C , L , A , 
galled,  necessitating  increasing  the  clearance  to  ,010  in. 


Th®  entire  pump  assembly  was  washed  in  a  solution  of  Qakite  and  wire 
brushed  in  an  attempt  to  remove  deposited  rust  and  some  of  the  imbedded  sand, 

Th©  first  was  successful  but  little  sand  was  removed.  It  was  feared  at  that  time 
that  this  sand  might  dislodge  at  high  water  temperatures  and  be  carried  around 
through  the  system.  No  particles  of  sand  have  ever  been  found  but  chemical  an¬ 
alysis  has  shorn  8t 0^  to  be  present  in  th©  test  water. 


Th©  pump  assembly  was  put  back  into  place,  and  the  motor  casing  removed. 
Pig,  35  shows  the  motor  stator  which  was  covered  with  a  heavy  coating  of  rust® 
This  was  washed  off  and  the  casing  reassembled.  No  further  disassembly  was 
done  for  fear  of  disturbing  the  Kingsbury  thrust  bearing  located  at  the  top. 
This  bearing  carries  the  entire  weight  of  the  motor  rotor,  shafting,  and  pump 
assembly. 


The  pump  was  then  given  a  hydraulic  pressure  test  of  approximately  4000  psig, 
which  was  retained  for  aoout  two  hours  with  no  visible  leaks  or  drop  in  pressure. 
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United  states  department  of  commerce 

WASHINGTON 

"NTattmtctl  SSi tram  of  #tait&ariiQ 

REPORT 

of  Test  of 
CURRENT  SHUNT 

0.00001667  ohm,  for  3000  amperes 
General  Electric  Company,  No  Serial  No. 


Submitted  by 


Massachusetts  Institute  of  Technology 
Attn.  Mr.  Paul  V.  Osborn,  Jr. 

Res.  Asst.  Mech.  Eng. 
Department  of  Mechanical  Engineering 
Cambridge  39,  Massachusetts 


The  resistance  of  this  shunt,  when  measured  on  December  6,  1949, 
after  temperature  equilibrium  had  been  attained  under  the  conditions 
specified  below,  had  the  following  values: 


Shunt 

Temperature 

°C 

Test  Current 

Resistance 

Amperes 

Absolute  Ohms 

24 

600 

1.6603  x  10"5 

50 

600 

1.6632  x  10“5 

75 

600 

1.6647  x  10~5 

100 

600 

1.6656  x  10“5 

The  values  of  resistance  given  above  were  correct,  as  of  the  above 
date,  within  0.1  percent  for  the  condition  of  the  test,  i.e.  uniform 
current  distribution  insured  by  cleaned  copper  busbars  symmetrically 
arranged  to  completely  fill  the  slots,  and  potential-tap  location 
fixed  by  inserting  insulated  washers  below  the  metal  washers  under 
the  potential-tap  screw-heads. 

For  the  Director 

F.  M.  Defandorf 

Electrical  Instruments  Section 
Division  of  Electricity  and  Optics 

1.3/123403 

Your  letter  of  11/25/49 
December  20,  1949 
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